Experiments on convective turbulence have revealed a number of unexpected changes in measured signals. Most notable are (i) the transition from "soft" to "hard" turbulence at Rayleigh number (Ra) of about 10, which is seen as a qualitative change in the statistics of temperature Auctuations; (ii) a transition at Ra of about 10",seen in the power spectra of temperature fluctuations measured at the center of the experimental cell; and (iii) a change, at Ra of about 10', in the power spectra of a probe placed 0.2 cm from the bottom boundary. In this paper we present experimental evidence for the last two changes and offer a unified mechanism for all these transitions. The main ingredient of our theoretical analysis is a calculation suggesting that isothermal surfaces wrinkle, or appear fractal, above an inner scale. This inner scale and the Hausdorff dimension of the isothermal surfaces are estimated theoretically. This scale diminishes upon increasing Rayleigh number. We argue that as it diminishes it goes through the relevant scales of this experiment, i.e. , the height of the central probe, the size of the mixing zone, and the height of the bottom probe. Thus it is suggested that all these transitions may be but different manifestations of the very same physics. PACS number(s): 47.25. Ae, 47.25.Cg, 47.25.Qv 
I. INTRODUCTION AND SUMMARY

A. System
This paper discusses the qualitative changes in the measured temperature signals in convective turbulence in a box of helium gas. We offer some data analyses, aimed at examining these changes. In addition we present theoretical calculations and attempt to construct a unified picture by suggesting that all the changes can be rationalized on the basis of a roughening transition of isothermal surfaces and thermal plumes.
Since the experiment is by now well documented [1 - 4], we shall not discuss it in any detail here. We remind the reader that we deal with a cylindrical box of helium gas heated from below, in which the Rayleigh number (Ra) can be swept from Ra=0 up to Ra-10' . The box has a diameter of 20 cm and a height, called L"of40 cm. The temperature as a function of time was measured at a number of points in the box: the center, near the sidewall, and near the bottom boundary. These measurements, and the measurement of the Nusselt number (Nu), are the basis of all further analysis.
The analysis is based upon the Boussinesq equations [5] of an incompressible fiuid: au at -vV u+u-Vu+ Vp =gaTe 3 7 aT -vV T+u. V 
B. Previous results
Two transitions in the turbulence state have been reported in this helium medium.
The first one is the soft-to-hard transition [1 -3] at Ra-10 (the Rayleigh number at which this transition occurs depends on the aspect ratio of the box) which is characterized by three changes. First, there is a change in the scaling exponent of the Nusselt number when expressed as a function of the Rayleigh number. The Nusselt number Nu is the ratio of the heat fiow through the system to the Aow which would occur were there only heat conduction:
( trr)T/dx +u T)-trb, /L (1.3)
Here the brackets ( ) denote a space-time average over the whole system. Above the soft-to-hard transition, Ra0. 290+0.005 (1.4)
The scaling exponent 0.290+0.005 agrees with the theoretical result [3] of -', , which is also confirmed in a (1.1), a is the volume thermal expansion coefficient, g is the acceleration due to gravity, and a and v are, respectively, the thermal diffusivity and kinematic viscosity. The equations define two dimensionless parameters: The Rayleigh number, which is given by ag bL KV with 6 being the temperature difference between the bottom and the top plates, and the Prandtl number Pr, which is the ratio v/tt and is of order unity in the helium experiment.
8091 two-dimensional numerical. simulation [6] . This result is stored in Table I . Second, the probability distribution of the temperature fluctuations recorded at the center of the box changes from Gaussian-like to exponential-like. Finally, in addition to a dissipative cutoff, which is all that happens in the soft turbulence, a power-law decay in frequency develops in the power spectra of these temperature Auctuations.
The second transition occurs at Ra-10". It appears as a change in behavior of the high-frequency components in the power spectra [4] . Below the transition, the whole power spectra, except the initial fiat region, are described by the same universal function when the frequency and power are properly rescaled. Above the transition, this no longer works.
Much of our analysis below is based upon the scaling behavior of various physical quantities in the system, when expressed as a function of the Rayleigh number.
The scaling results obtained previously are summarized in Table I . Both u, and 1~a re theoretical quantities [3] that are not measured in the experiment. In one, the stretching produced by the Quid motion tends to make u perpendicular to V T. In the other, roughening randomizes both u and T, thus reducing the Aux of entropy into the center of the system and thereby reducing the dissipation a(VT) .
However, aside from these statements, we really understand neither the detailed form of the central region power spectra for higher values of Ra, nor the spectra which appear at the lower thermometer. So we perhaps understand the transitions, but certainly not all the states which occur beyond them.
II. TRANSITIONS: NEW RESULTS
A. Transition at Ra& =10"
In this section, we study the second transition at Ra& = 10" using some new analyses. We look at the time average of (BT/Bt) . This quantity can be measured either by a numerical differentiation of the time signal or by integrating the power spectrum. We shall study it via the dimensionless quantity Q: Fig. 2 .
Standard thinking about power spectra in turbulence [13, 14] would predict that the spectrum should be roughly constant for co less than the integral scale co . The 
We fit the experimental data on P (co) from Ref. [15] ),the frozen-flow idea [16] [17] .
To see the quality of the 5t more clearly, we plot the data by subtracting -co/cod from log, oP ( From Fig. 4 , we see that the power-law fit is good and gives a value of x =0. 15+0.05. Casting [18] has also obtained a similar x value from these data. Sreenivasan [19] has analyzed data for the power spectra of passive The main tools for estimating the area [20] are (i) the co-area formula of geometric measure theory [21, 22] , and (ii) a nonlinear change of dependent variable in the equation for temperature.
The co-area formula is a way of relating the weighted area of isothermal surfaces to integrals in the physical space. Denote by A, the surface on which T(x) = r. Assume that T is at least Lipschitz; then for any f (Borel measurable, nonnegative function), f g(x)~VT~d x= f dr f g(x)dH (x), (3.6) where H is the two-dimensional Hausdorff measure. What we really would like to compute is I~(P)= f y~(x)P(T(x, t))~VT(x, t)id x .
B
The inequality (obtained by using the Schwarz inequality) (3.14) f dt I~(P) l'o+5t QB dt d xyB T VT (3.15) allows us to estimate the left-hand side of (3.15) Table I ) with the appropriate uncertainty: 5t )r/u". if r is the inertial range and u is a typical velocity at the integral scale. However, the value of g is not known for the convection experiment. The scaling dependence of u" could be produced by either of two types of cascades: (i) where C* incorporates all the constants. Table I ) and time is rescaled by 1/co~(see Table II Fig. 8 , below the transition, the large excursions of temperature seem smooth and continuous, as if the front of a laminar, hot or cold, plume passes through the probe. On the contrary, in Fig. 9 , above the transition, the large excursions appear as a rapid succession of bursts, as if a wobbled, multisheeted plume passes through the probe. It is interesting to remark that very similar signatures of laminar versus turbulent plumes are seen in single plume experiments in a laminar environ- Here ( ) refers to a time average and an average over the entire volume of the box. Equation (5.2) shows that the dissipation rate for heat must be essentially the rate at which heat is fed into the box through the walls.
To of the circulation velocity is a result of the appearance of a "log layer" near the sidewalls. The extra logarithm might perhaps produce an apparent change in the scaling index.
The uncertainty in the scaling of the velocity contributes to several of the uncertainties in the estimates given here.
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